A novel metal nanoparticle synthesis method has been developed, in which metallic Ni nanoparticles with an amorphous-like structure were selectively deposited on TiO 2 fine particles through the reduction from the liquid phase. The addition of Zn proved to decrease the nanoparticles size, leading to the increase in the total area of catalytically active Ni surface. In addition, nanoparticles were highly stabilized by the deposition on TiO 2 , so that the catalytic activity of Zn-added TiO 2 -supported Ni nanoparticles (Ni-Zn/TiO 2 ) in the 1-octene hydrogenation was ca. 10 times higher than that of unsupported Ni nanoparticles.
Introduction
Among various methods to synthesize nanometer-sized particles, [1] [2] [3] the liquid phase reduction method is one of the easiest procedures, since nanoparticles can be directly obtained from various precursor compounds soluble in a solvent. 4) We have already reported the synthesis of Ni nanoparticles with a diameter from 5 to 10 nm and an amorphous-like structure by using this method and the promotion effect of Zn addition to Ni nanoparticles on the catalytic activity for 1-octene hydrogenation. 5) However, unsupported particles were found rather unstable because of its high surface activity to cause tremendous aggregation. 6) In order to solve this problem, their selective deposition onto TiO 2 fine particles was investigated, and their catalytic activities were studied.
Experimental
Nickel acetylacetonate (Ni(AA) 2 ) and zinc acetylacetonate (Zn(AA) 2 ) were co-dissolved in 40 ml of 2-propanol with a Zn/Ni ratio of 0 to 1.0, where the amount of Ni(AA) 2 was 2:5 Â 10 À4 mol in constancy. 0.125 g of TiO 2 fine particles (Ishihara Ind., ST01) were dispersed in the Ni(AA) 2 -Zn(AA) 2 solution in a 4-neck flask under refluxing conditions with a continuous N 2 flow for 30 min. Ni and Zn complexes were promptly reduced by the addition of 10 ml of 1:0 Â 10 À1 mol/dm 3 NaBH 4 2-propanol solution. Thus prepared materials were recovered by filtration using a membrane filter with the pore size of 0.1 mm (ADVANTEC Co., Ltd.) and dried at room temperature overnight. Nanoparticles were characterized by high-resolution transmission electron microscopy (HR-TEM, JEOL Co., Ltd. JEM-200CX), X-ray diffractometry (XRD, Rigaku Co., Ltd. RAD-IC system, CuK 40 kV, 20 mA) and electron spectroscopy for chemical analysis (ESCA, ULVAC -PHI ESCA 5600, Al K, 45 , 3:009712412 Â 10 À17 J (187.85 eV)). Ni and Zn complexes concentrations in the filtrates were estimated by using an inductively coupled plasma atomic emission spectrometer (ICP, Shimadzu Co., Ltd. ICPS-1000 III) in order to evaluate the yield of Ni and Zn independently. The hydrogenation of 1-octene over as-prepared particles was carried out as a test reaction, since only the metallic Ni species can exhibit the catalytic activity in this reaction. Concretely, 1-octene was charged into 4-neck flask after the preparation of nanoparticles and then H 2 gas was introduced (1-octene, 5 ml; H 2 gas flow rate, 45 ml/min). The product in the liquid phase was analyzed by gas chromatography (GC, Shimadzu Co., Ltd. GC-14B system).
Results and Discussion
The residual concentrations of Ni complex in filtrates are estimated at 0 to 1.0% and those of Zn complex at 0.5 to 2.5% from the ICP measurements. The color of the particles was black in the case of Zn/Ni<0.5, while it was dark gray in the case of Zn/Ni=1.0. It seems that larger amount of reducing agent is needed for the reduction in the case of Zn/Ni=1.0, although the NaBH 4 /(Ni + Zn) molar ratio was two, larger than stoichiometric value according to the following equation. 7) 2Ni
Even when the amount of reducing agent was increased by 2 or 3 times, the color of the Zn/Ni=1.0 particles was basically not changed. These results imply that metallic Ni was formed through the adsorption of Ni on TiO 2 by their successive reduction on the surface, whereas a part of zinc was hydrolyzed to form ZnO and/or Zn(OH) 2 on the surface, because of its less reductive nature. Figure 1 shows the TEM micrographs of (a) TiO 2 and asprepared Ni-Zn particles on TiO 2 with Zn/Ni ratios of (b) 0.0, (c) 0.2 and (d) 1.0. It is to be noted that more than 96% of Ni or Ni-Zn nanoparticles were selectively deposited on TiO 2 surfaces and that there were no nanoparticles irrespectively apart from TiO 2 particles. Therefore, it can be consider that the formation of Ni-Zn nanoparticles in this experiment might proceed from the adsorption of Ni and/or Zn species * Graduate Student, Tohoku University
on the surface and the successive reduction by adsorbed NaBH 4 , and that Ni-Zn nanoparticles formed apart from TiO 2 must not be deposited via their heterocoaglation with TiO 2 since there was no evidence of any aggregation. The sizes of Ni-Zn nanoparticles were estimated at (b) 5-6 nm, (c) 3-5 nm and (d) 1-2 nm. The particle size seems to decrease with increasing amount of Zn added. Figure 2 shows the ESCA spectra for (I) Ni 2p 3=2 region and (II) Zn 2p 3=2 region of Zn/Ni=1.0 particles on TiO 2 . For the spectra of Ni, peaks corresponding to Ni oxide and Ni metal are observed in the as-prepared sample. [8] [9] [10] After the etching with Ar þ , however, the peak of Ni metal is predominant. This implies that the state of Ni in the Ni-Zn nanoparticles is metallic, although their surface was oxidized under the atmospheric conditions. On the other hand, the identification of Zn state is difficult because the peak positions of Zn and ZnO in ESCA spectra are very close to each other. Furthermore, the B/Ni ratio determined by ESCA was increased with increasing Zn added; e.g., Ni:B=73.3:26.7 and 60.6:39.4 for Zn/Ni=0.0 and 1.0, respectively. Because no crystalline structure was found except for TiO 2 from both electron and X-ray diffraction patterns of the respective samples, it can be concluded that formed nanoparticles were amorphous. Ni-Zn nanoparticles would be composed of amorphous intermetallic compounds through the coordination of B, formed by the decomposition of NaBH 4 as a side reaction, with Ni and/or Zn atoms. 11, 12) Virtually, Ni nanoparticles synthesized by this method was crystallized by the heat treatment at 500 C in N 2 stream, where B could be removed from the bulk. Apparently, Zn addition resulted in the increase in B content in Ni-Zn nanoparticles. Boron oxides, soluble in water, are possible to be formed as by-product, since B content was decreased by washing by water. Detailed analysis and identification of boron is now in progress.
The catalytic activities of Ni and Ni-Zn nanoparticles (Zn/ Ni=1.0) with and without TiO 2 supports were evaluated through 1-octene hydrogenation. The GC analyses confirmed that only n-octane was obtained as a product in this hydrogenation reaction. Figure 3 shows the change in the yield of n-octane with time on stream. The good linearity between the yield and the reaction time indicates that the surface properties of the catalysts did not change during the hydrogenation. In addition, the size of Ni-Zn nanoparticles on TiO 2 used in the catalytic reaction was virtually the same as that of fresh particles. On the other hand, the catalytic activity of unsupported particles was decreased with time on the stream of H 2 , because of their tremendous aggregation. These results imply that Ni-Zn nanoparticles were stabilized by the selective deposition on TiO 2 . As shown in Fig. 3 , 1-octene conversion to n-octane after 120 min from the start of the reaction was 4, 11, 21, and 40% for Ni, Ni-Zn, Ni/ TiO 2 , and Ni-Zn/TiO 2 , respectively. Thus, the catalytic activity of Ni-Zn/TiO 2 was ca. 10 times higher than that of the unsupported Ni nanoparticles. TiO 2 seems to play an important role to disperse Ni nanoparticles by supporting them. Also, the addition of Zn clearly promoted the hydrogenation activity of Ni. Since the Zn addition resulted in the decrease in the particle size, this promotion effect of the catalytic activity would be mainly due to the increase in the catalytically active surface. In addition, Ni-Zn/TiO 2 gave the excellent activity in spite of its gray color, so that Ni species of the catalyst may be metallic since 1-octene can be hydrogenated only on the metallic Ni and not on oxides. Consequently, the role of Zn is to decrease the size of Ni nanoparticles and to inhibit the growth of the size, but Zn addition did not substantially affect Ni nature itself, taking the ESCA analysis into consideration.
Conclusion
Ni-Zn nanoparticles with an amorphous structure were successfully deposited on TiO 2 nanoparticles. The state of Ni was metallic. The catalytic activity of Ni-Zn/TiO 2 in 1-octene hydrogenation was ca. 10 times higher than unsupported Ni nanoparticles. Selective deposition onto TiO 2 and the addition of Zn seemed to play an important role to stabilize Ni nanoparticles and to decrease the size of Ni nanoparticles, respectively. Also, clearly Zn promoted the hydrogenation activity of Ni and inhibit the growth of the size, but did not substantially affect Ni nature itself. 
